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Ephrin-B/EphB and Wnts are known to regulate
synapse maturation and plasticity, besides serving
as axon guidance molecules, but the relevance of
such synaptic regulation to neural circuit functions
in vivo remains unclear. In this study, we have exam-
ined the role of ephrin-B and Wnt signaling in regu-
lating visual experience-dependent and develop-
mental plasticity of receptive fields (RFs) of tectal
cells in the developing Xenopus optic tectum. We
found that repetitive exposure to unidirectional
moving visual stimuli caused varying degrees of shift
in the RFs in different regions of the tectum. By acute
perfusion of exogenous antagonists and inducible
transgene expression, we showed that ephrin-B
signaling in presynaptic retinal ganglion cells and
Wnt secretion from tectal cells are specifically
responsible for the enhanced visual stimulation-
induced changes in neuronal responses and RFs in
the ventral and dorsal tectum, respectively. Thus,
ephrin-B and Wnt signaling contribute to region-
specific plasticity of visual circuit functions.
INTRODUCTION
The formation of the retinotopic map in the developing optic
tectum begins with an initial extensive arborization of retinal
ganglion cell (RGC) axons in the tectum, followed by a gradual
refinement of axonal arbors into topographically ordered
connections with tectal cells (Gaze et al., 1963; Goodhill, 1993;
Miller et al., 1989; Sakaguchi and Murphey, 1985). The molecular
guidance cues are required to form the initial ‘‘coarse’’ projec-
tions, whereas neural activity acts later to fine-tune the connec-
tions (McLaughlin and O’Leary, 2005; O’Rourke et al., 1994; Tao
and Poo, 2005). In vivo real-time imaging of developing RGC
axons of in the Xenopus and zebrafish tectum indicates that reti-
notectal synapses are continuously formed and eliminated as
RGC axon arbors undergo dynamic branching and remodeling
(Alsina et al., 2001; Meyer and Smith, 2006). Furthermore, visualinputs could induce rapid structural changes in both axonal and
dendritic arbors, through a mechanism that depends on the acti-
vation of N-methyl-D-aspartic acid (NMDA) subtype of gluta-
mate receptors (Niell et al., 2004; Ruthazer et al., 2003; Sin
et al., 2002). This dependence on NMDA receptors led to the
hypothesis that mechanisms similar to those underlying
activity-dependent long-term potentiation (LTP) and long-term
depression (LTD) are involved in the refinement of retinotectal
connections (Constantine-Paton et al., 1990; Zhang et al.,
2000). Such activity-induced synaptic modification is exempli-
fied by the finding in developing Xenopus tadpoles that condi-
tioning with repetitive unidirectional moving-bar stimuli induced
LTP at some retinotectal synapses and LTD at others, leading
to direction-selective responses of tectal cells and persistent
shift of their receptive fields (RFs) (Engert et al., 2002; Mu and
Poo, 2006; Vislay-Meltzer et al., 2006).
In the optic tectum of Xenopus tadpoles, the RF size of a tectal
neuron is determined by the number of converging RGC axons,
which gradually decreases in an activity-dependent manner
during development (Tao and Poo, 2005). The topographic order
of RGC projections is maintained during the refinement
process—RGCs in the dorsal retina project their axons to the
ventral (lateral) optic tectum, whereas RGC axons from the
ventral retina project to the dorsal (medial) tectum. In a similar
manner, temporal RGC axons project to rostral (anterior) tectum
and nasal RGC axons project to caudal (posterior) tectum (Saka-
guchi and Murphey, 1985). Importantly, the radial growth of the
retina and the rostral/ventral-to-caudal/dorsal growth of the
tectum require that retinotectal connections are continuously
being remodeled in order to preserve the retinotopic map that
is functionally adequate for visual processing (Straznicky and
Gaze, 1971, 1972). Thus, concerted actions of molecular cues
that direct the formation of new synapses and activity-depen-
dent stabilization/elimination of existing synapses must take
place along the rostral-caudal and medial-lateral axes. Newly
generated RGC axons from the most dorsal and ventral retinal
regions project to the most ventral and dorsal tectal areas
(Straznicky and Gaze, 1971, 1972), respectively, where new
synapses are likely to undergo more active structural and func-
tional remodeling.
Gradients of axon guidance molecules are known to serve as
molecular cues for guiding RGC axons to the target tectal areasNeuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc. 899
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signaling may guide RGC axons along the dorsoventral axis of
the optic tectum (Mann et al., 2002; McLaughlin and O’Leary,
2005; Schmitt et al., 2006). For example, RGCs with high-level
expression of ephrin-Bs in the dorsal region project their axons
to the ventral tectum where EphB receptor expression is high,
whereas RGC axons from the low ephrin-B-expressing ventral
retina project to the dorsal tectum that exhibits low EphB expres-
sion (Mann et al., 2002). Recent findings shows that both presyn-
aptic ephrin-Bs and postsynaptic EphBs could regulate synapse
development by elevating presynaptic transmitter release (Lim
et al., 2008), recruiting postsynaptic alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and NMDA receptors,
and facilitating activity-dependent LTP (Dalva et al., 2000;
Kayser et al., 2006; Lim et al., 2008; Takasu et al., 2002).
In vivo real time imaging also showed that presynaptic ephrin-B
signaling is responsible for stabilizing axonal branches and
recruiting synaptic vesicles to the axon terminals (Lim et al.,
2008). Thus, the gradient of ephrin-B/EphB signaling may be
used for refining functional retinotopic connections after axon
guidance is largely completed.
In addition to ephrin-B/EphB signaling, Wnt signaling may also
be involved in modulating retinotectal connections. The Wnt
family of proteins regulate diverse cellular functions in the devel-
opment of neural circuits, including neuronal polarization and
migration (Pan et al., 2006a; Montcouquiol et al., 2006), axon
guidance (Salinas and Zou, 2008), presynaptic differentiation,
and axonal branching (Klassen and Shen, 2007; Miech et al.,
2008). In particular, highly expressed Wnts in the dorsal tectum
help ventral RGC axons to project properly, via Ryk receptor-
dependent repulsion (Schmitt et al., 2006). The retrograde Wnt
signaling at the synapse may be mediated by presynaptic
Frizzled receptor through a scaffolding protein Dishevelled
(Hall et al., 2000; Lucas and Salinas, 1997). Interestingly, activa-
tion of the canonical Wnts (Wnt7a and Wnt7b) in cultured
neurons increased the synapse number, while activation of the
noncanonical Wnt5a had an opposite effect (Davis et al., 2008).
During early Xenopus development, the canonical XWnt-1 and
XWnt-3A are expressed in the dorsal midbrain (Wolda et al.,
1993); their potential function in modulating retinotectal circuits
was a focus of the present study.
In this study, we recorded spiking activities of tectal neurons in
the developing Xenopus optic tectum by extracellular recording
and examined activity-induced modification of RF properties in
different areas of the optic tectum along the dorsoventral axis.
We found that different regions exhibited varying degrees of
RF plasticity—repetitive conditioning with unidirectional
moving-bar induced a larger RF shift and higher direction-selec-
tive responses in the ventral and dorsal region of the optic tectum
than those in the central region. Using inducible transgenic
method and the acute application of fusion proteins, we selec-
tively up or downregulated ephrin-B or Xenopus Wnt-3A
(XWnt-3A) signaling in the retinotectal system and found that
the higher plasticity of the ventral tectum depended on presyn-
aptic ephrin-B signaling and that of dorsal tectum required
XWnt-3A secretion from tectal cells. Furthermore, disturbing
ephrin-B and Xwnt-3A signaling also interfered with the
developmental reduction of the RF size. Thus, ephrin-B and900 Neuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc.Wnt signaling contributes to the region-specific plasticity and
developmental refinement of RFs in the optic tectum.
RESULTS
Region-Dependent RF Shifts Induced by Moving Bar
Stimulation
In the developing Xenopus retinotectal system, repetitive expo-
sure of the retina to unidirectional moving-bar stimuli induced
a persistent shift of the RF of tectal cells in a direction opposite
to that of the moving bar stimuli, an effect that could be attributed
to spike timing-dependent plasticity of retinotectal synapses (Mu
and Poo, 2006; Vislay-Meltzer et al., 2006). To examine whether
different regions of the optic tectum exhibit differential RF plas-
ticity, we measured the magnitude of the RF shift induced by
the same moving-bar stimuli at two different locations along
the dorsoventral (D-V) axis of the tectum, with similar anteropos-
terior (A-P) position, using paired extracellular recordings
(Figure 1A). Multiunit spiking evoked by the onset and offset of
unit light flashes in a random sequence was recorded (Figure 1B).
The most active single unit spiking activity was selected from the
‘‘ON’’ response (Figure 1B and see Figures S1A and S1B avail-
able online) by the spike-sorting algorithm and used for RF
mapping (Figures S1C and S1D; see Experimental Procedures).
The center of RF for neurons recorded in different tectal regions
showed expected retinotopic order (Figure S1E). Ten minutes
after unidirectional moving-bar conditioning stimulation (‘‘CS,’’
0.2 mm/s) across the retina for 100 times at a frequency of
0.25 Hz, we found a consistent spatial shift of the RF, as indi-
cated by the location of the RF center (see Experimental Proce-
dures), without significant change in the RF size (Figure S1F).
To examine whether the plasticity varies across the tectum, we
determined the recording location by the percentage position
along the D-V axis, and divided the tectum into three parts:
ventral (0%–30%), central (30%–70%), and dorsal (70%–100%;
Figure 1A). Comparison of RF center locations before and after
CS showed a consistent shift of the RF center in the direction
opposite to that of CS in all three tectal areas (Figures 1C and
1D), consistent with previous findings (Engert et al., 2002;
Mu and Poo, 2006). Analysis of a large number of paired record-
ings showed that CS-induced RF shifts in ventral and dorsal
tectal cells were consistently larger than those of central tectal
cells (Figure 1E), and the size of RFs remained unchanged in
all tectal regions (Figure 1F). This is true regardless whether
multiunit or single-unit activities were used for RF mapping.
Thus, activity-dependent RF plasticity in the ventral and dorsal
tectum is higher than that in the central tectum.
Expression of Ephrin-B/EphB and Wnt3A in Xenopus
Retinotectal System
Previous reports showed that activity-induced LTP and LTD
could account for the modification of tectal cell RFs induced
by repetitive moving-bar stimulation (Mu and Poo, 2006;
Vislay-Meltzer et al., 2006). On the other hand, presynaptic eph-
rin-B signaling could elevate the extent of LTP induced by theta-
burst stimulation (TBS) of the optic nerve (Lim et al., 2008), and
Wnt signaling contributes to presynaptic maturation (Cerpa
et al., 2008; Lucas and Salinas, 1997; Miech et al., 2008). In
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Figure 1. Regional Differences in RF Plas-
ticity in Developing Xenopus Optic Tectum
(A) Schematic diagram of retinotopic projection of
RGCs in the optic tectum. The tectum is divided
into three regions along the dorsoventral axis:
ventral (0%–30%), central (30%–70%), and dorsal
(70%–100%). D: dorsal, N: nasal, V: ventral, T:
temporal, R: rostral, C: caudal. Arrows, the direc-
tion of growth—radial in the retina and R/V to
C/D in the tectum.
(B) Schematic diagram of RF mapping at two
different tectal regions, using dual extracellular
recording (R1 and R2). Samples traces above are
multiunit ON and OFF activities evoked by the light
stimulus (1.5 s) in the central and ventral tectum.
(C) Reconstructed sample RFs in the central and
ventral tectum before and after CS, displayed
with a linear gray scale that codes the average
number of sorted single-unit spikes evoked by
the unit stimulus, normalized to that of highest
unit response from the same recording. Dotted
lines, RF boundary determined by Gaussian fitting.
Circle, RF center. The shift in RF is shown by the
overlay of the RF boundary and the RF center
before (blue) and after (red) CS.
(D) Summary of CS-induced shifts of the RF center
from all recordings, with the center location before
CS placed at the origin. Line from the origin repre-
sents the direction of the CS-induced shift, and the
magnitude of the shift shown by the distance from
the origin, with the scale in the grid unit of the visual
stimulus.
(E) Summary of results from all paired extracellular
recordings (central-dorsal and central-ventral),
showing the magnitude of the CS-induced shift.
Squares with error bars depict average values and
SEM (standard error of the mean), with the sig-
nificance of the shift marked (*p = 0.04, **p =
0.01; paired t test).
(F) Changes in the RF size in different tectal regions
before and after CS, for all experiments shown in
(E). Graph bars represent means and SEM.
See also Figure S1.
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Region-Specific Receptive Field Plasticityview of the D-V gradient of ephrin-B/EphB and Wnt expression in
the optic tectum during early development (Flanagan, 2006;
Mann et al., 2002; Wolda et al., 1993; Schmitt et al., 2006), we
inquired whether region-dependent RF plasticity in the tectum
results from differential ephrin-B or Wnt signaling.
First, we examined the expression pattern of ephrin-B/EphB
and XWnt-3A in the retinotectal system at stage 45, when RF
plasticity was studied. Dissected eyes or brains from stage 45
Xenopus tadpoles were incubated with EphB2-Fc or ephrin-
B1-Fc fusion proteins, which bind to ephrin-Bs or EphBs,
respectively. Staining with anti-Fc horse radish peroxidase
(HRP)-conjugated antibodies by Tyramide Signal Amplification
(TSA) method (see Supplemental Experimental Procedures) re-
vealed strong signal for ephrin-Bs and EphBs in the dorsal and
ventral retina, respectively (Figure 2A), consistent with a previous
report (Mann et al., 2002). In the optic tectum, EphBs showed
a higher level in the ventral region, whereas ephrin-Bs showed
weak expression with no detectable regional difference, similar
to that found in Rana pipens (Scalia et al., 2009; Scalia and Feld-
heim, 2005). The XWnt-3A expression was visualized by fluores-cent in situ hybridization (see Supplemental Experimental Proce-
dures) and exhibited no regional difference but clear layer
specificity in the retina (Figure 2A) and specific expression in
the dorsal optic tectum (Figure 2A), similar to that found by
Wolda et al. (1993).
Effects of Acute Disruption of Ephrin-B/EphB
and XWnt3A Signaling
To examine the role of Ephrin-B/EphB and XWnt3A signal in RF
plasticity, the RF shift induced by the moving-bar CS was moni-
tored at 30 min after the perfusion of the tectum with the
Fc-fusion protein EphB2-Fc or ephrin-B1-Fc, and secreted Friz-
zled-related protein-2 (sFRP2), which presumably disrupted
endogenous ephrin-B/EphB and Wnt signaling, respectively. It
is known that EphB2-Fc and ephrin-B1-Fc activate and inhibit
ephrin-B signaling respectively in cell cultures (Cowan and
Henkemeyer, 2001; Takasu et al., 2002) and Xenopus tectum
(Lim et al., 2008). We found that perfusion with ephrin-B1-Fc
selectively reduced the magnitude of CS-induced RF shift in
the ventral tectum, whereas perfusion with EphB2-Fc increasedNeuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc. 901
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Figure 2. Expression Pattern and Acute
Manipulation of Ephrin-Bs and Wnt
Signaling
(A) Expression of ephrin-Bs, EphBs, and XWnt-3A
in the eyes and brains of stage 45 Xenopus
tadpole. EphB2-Fc and ephrin-B1-Fc combined
with anti-Fc HRP were used to visualize ephrin-B
and EphB expression, with fluorescence signals
amplified by TSA method. Tec: optic tectum, Np:
neuropil.
(B) Effects of the acute manipulation of ephrin-B/
EphB or Wnt signaling on CS-induced RF shift.
After the 30 min preincubation of ephrin-B1-Fc,
EphB2-Fc, or sFRP-2, RF was mapped 10 min
before and after CS. The ephrin-B1-Fc and
sFRP-2 perfusion specifically reduced the RF shift
in the ventral and dorsal tectum, respectively. The
number of recording made from each region of
tectum was listed as ‘‘(dorsal/ central/ ventral)’’
for each treatment. The p value was determined
by Mann-Whitney U test. Graph bars represent
means and SEM.
(C) Schematic representation of the gradient
expression of EphB/ephrin-B and Wnts in the
retina and optic tectum of Xenopus tadpoles.
Neuron
Region-Specific Receptive Field Plasticitythe RF shift in all tectal areas (Figure 2B), consistent with the
enhancement of LTP at retinotectal synapses by elevating
presynaptic ephrin-B signaling (Lim et al., 2008). Interestingly,
while inhibiting ephrin-B signaling with ephrin-B1-Fc had no
effect on the extent of RF shift in the dorsal tectum, inhibition
of Wnt signaling with the perfusion of the Wnt antagonist protein
sFRP2 (Lee et al., 2006) resulted in a marked reduction of the RF
shift specifically in this region (Figure 2B). Furthermore, sFRP2-
induced reduction in the RF shift could not be rescued by
activating ephrin-B signaling—coperfusion with sFRP2 and
EphB2-Fc elevated the RF shift in the central and ventral tectum,
but the RF shift remained low in the dorsal tectum (Figure 2B).
Thus, ephrin-B and Wnt signaling are selectively required in
activity-dependent RF plasticity in the ventral and dorsal tectum,
respectively (Figure 2C).
Inducible Transgenic Modulation of Ephrin-B and Wnt
Signaling
In order to manipulate ephrin-B and Wnt signaling in a develop-
mental stage- and region-specific manner, we prepared tetracy-
clin (Tet)-inducible transgenic Xenopus tadpoles. Using I-SceI-
mediated transgenesis method (Ogino et al., 2006; Pan et al.,
2006b), we incorporated two plasmids into the genomic DNA
of the Xenopus embryo, one ‘‘activation’’ plasmid expressing
Tet-binding activator (tTA) and the other bidirectional
‘‘response’’ plasmid encoding the targeted gene and EGFP,
with the TRE (tetracycline-responsive element) promoter902 Neuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc.(Figure 3A). This inducible system offers
two advantages: first, expression of the
wild-type or mutated forms of ephrin-B
and Wnts could be induced at a develop-
mental stage after the initial axon projec-
tion is largely completed. Second, byinjecting the plasmids and endonuclease (I-SceI) into one dorsal
blastomere at the animal pole of two- to eight-cell stage
embryos, unilateral targeted gene expression in half of the
tadpole brain could be achieved. Since all RGC axons project
to the contralateral side, unilateral expression on one side of
the tadpole allows selective manipulation of ephrin-B or Wnt
signaling in either presynaptic RGC axons or postsynaptic tectal
neurons (Figure 3B).
We prepared four different response plasmids, encoding
EGFP only, EGFP together with the wild-type (WT) ephrin-B1
(ephrin-B1WT) or with a cytoplasmic tail-deleted form of ephrin
(ephrin-B16C), and EGFP together with XWnt-3A, all under the
control of TRE promoter (Figure 3A). Four sets of transgenic
tadpoles were made by injecting one of these plasmids,
plasmid encoding tTA, together with the endonuclease I-SceI
into one blastomere at the 2–4 cell stage, and the embryos
at stage 42 (1 week postfertilization) were used for the induc-
tion of transgene. Induction of EGFP expression could be de-
tected visually by the presence of EGFP fluorescence unilater-
ally on one side of the tadpole within 8 hr after application of
the tetracycline derivative doxycyline (Dox) in a small minority
(3%) of injected embryos (Figure 2B). Such low yield is ex-
pected because dual integration of two different plasmids in
the Xenopus genome is required. Embryos expressing EGFP
fluorescence were further subjected to western blotting to
confirm the expression of transgenes. As shown in Figure 3C,
transgenic expression of ephrin-B1WT or ephrin-B16C was
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Figure 3. Generation of I-SceI-Mediated
Tet-Inducible Transgenic Tadpoles
(A) Schematic diagram of three bi-directional
‘‘response’’ plasmid encoding the TRE (tetracy-
cline-response element) promoter together with
the target protein(s)—EGFP alone, ephrin-B1WT
and EGFP, ephrin-B16C and EGFP, or XWnt-3A
and EGFP.
(B) Fluorescence images of a 45-stage tadpole
after doxycycline (Dox)-induced expression of
EGFP. The tadpole was generated by I-SceI-medi-
ated transgenic method, with I-SceI, tTA-express-
ing plasmid, and transgene-encoding response
plasmid injected into one blastomere of two-cell
stage embryos, and unilateral GFP expression
was observed only on one side of the tadpole 16
hr after applying Dox (10 mg/ml). The boxed region
was shown at a higher resolution below.
(C) Assays of the inducible transgene expression
by western blotting. Open arrowhead, endoge-
nous and overexpressed wild-type (WT) ephrin-
B1. Filled arrowhead, overexpressed C terminus
(60 amino acids) deleted ephrin-B1 (ephrin-B16C).
(D) Assay for the surface pool of ephrin-B1WT and
ephrin-B16C by the biotinylation method. Surface
protein was isolated via biotinylation of brain and
eye tissues of tadpoles expressing EGFP and
was analyzed by western blotting. The level of b-actin and NCAM was used as the loading control for the total protein and biotinylated surface protein fraction,
respectively.
(E) Assay for the transgenic induction of XWnt-3A and the modification of XWnt-3A. Immunoprecipitated XWnt-3A in control and transgenic tadpoles was incu-
bated with Endo H for 8 hr at 37C and analyzed by western blotting with anti-Wnt-3a antibody. The endogenous XWnt-3A, as well as induced XWnt-3A showed
similar pattern of response to Endo H treatment.
See also Figure S2.
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Region-Specific Receptive Field Plasticityachieved by Dox application. Proper trafficking of ephrin-B1WT
or ephrin-B16C to the cell surface was shown by surface
protein biotinylation of isolated brain and eye tissues of the
tadpoles expressing the transgene. We found a marked
increase in the surface pool of ephrin-B1WT or ephrin-B16C
in transgenic tadpoles, as compared to control naive tadpoles
and tadpoles induced to express only EGFP (Figure 3D). Immu-
noprecipitation and western blot analysis verified the Dox-
induced expression and secretion of XWnt-3A. The expressed
XWnt-3A was properly modified for secretion, as indicated by
endoglycosidase (EndoH)-induced shift in the MW of the
induced protein, as compared to the shift of endogenous
XWnt-3A (Figure 3E).
To examine whether the induced transgene expression has
a significant effect on the development of RGC projections in
the tectum, we injected Alexa 564-conjugated dextran into the
dorsal or ventral retina at 16 hr after Dox application for inducing
ephrin-B1 or XWnt-3A expression. We did not observe any alter-
ation in the projection pattern of RGC axons in transgene-
expressing tadpoles, as compared to control tadpoles (Figures
S2A to S2C), although this method could not resolve local
changes in axonal arborization caused by transgenic expres-
sion. We conclude that the transgenic method could be used
to manipulate the expression of ephrin-B and XWnt-3A selec-
tively in either presynaptic or postsynaptic side of tadpoles in
order to examine the role of these proteins in developmental
and activity-induced RF modifications.Effects of Transgenic Modulation of Ephrin-B
and Wnt Signaling
Induction of transgene expression was achieved by applying
Dox at stage 42 and recording CS-induced RF shift 1 day later
(stage 44–45). By recording from the optic tectum contralateral
or ipsilateral to the side expressing EGFP and the transgene
(Figures 4A and 4B), we were able to examine the pre- and post-
synaptic effect of overexpressing the transgene. We found that
tadpoles expressing only EGFP showed similar CS-induced RF
shifts as those in noninjected (‘‘control’’) tadpoles (data not
shown), with larger shifts for ventral and dorsal tectal cells
(Figure 4C). In contrast, the RF shift for ventral cells were mark-
edly reduced when presynaptic RGC axons expressed ephrin-
B1DC (Figure 4C). Since RGC axons projecting to the ventral
tectum expressed a higher level of ephrin-B (Mann et al., 2002;
McLaughlin and O’Leary, 2005) and overexpression of ephrin-
B1DC resulted in dominant-negative suppression of ephrin-B
signaling (Lim et al., 2008), our finding of the reduced RF shift
in the ventral area supports the idea that presynaptic ephrin-B
signaling is responsible for the higher RF plasticity in this area.
In contrast to the effect of ephrin-B1DC, overexpression of eph-
rin-B1WT in the presynaptic RGCs resulted in a general enhance-
ment of CS-induced RF shifts, with similar magnitudes of RF
shifts observed in central and ventral areas (Figure 4C). Further-
more, postsynaptic expression of ephrin-B1DC or ephrin-B1WT in
the tectum had no effect on the CS-induced RF shifts in all
regions, supporting the idea that pre- rather than postsynapticNeuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc. 903
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Figure 4. Effects of Ephrin-B and Wnt Signaling in Conditioning-Induced RF Shift
(A and B) Schematic diagram of experimental arrangements for studying presynaptic (A) and postsynaptic (B) effects of ephrin-B1WT, ephrin-B1DC, or XWnt-3A
expression on the CS-induced RF shift in different regions of the optic tectum, by recording from the tectum contralateral (A) or ipsilateral (B) to the side express-
ing the transgene and EGFP.
(C and D) Effects of pre- or postsynaptic modulation of ephrin-B signaling or Wnt signaling on the RF shift (C) and RF size (D) in three different tectal regions. Dox-
induced presynaptic ephrin-B1DC expression significantly reduced the magnitude of RF shift in the ventral tectum, whereas the presynaptic ephrin-B1WT expres-
sion increased the magnitude of the RF shift in all areas. The induced postsynaptic expression of XWnt-3A elevated the magnitude of the RF shift in all area,
whereas the presynaptic induction of XWNt-3A showed no significant changes in the RF shift. The size of RF was not affected. Graph bars represent means
and SEM. (*p < 0.05, compared to corresponding values of the control tadpoles; Mann-Whitney U test).
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Region-Specific Receptive Field Plasticityephrin-B contributes to this RF plasticity. Transgene manipula-
tions caused no change in the RF size with or without CS in all
tectal areas (Figure 4D). Finally, the elevated CS-induced RF shift
in the central and ventral tectum of transgenic tadpoles overex-
pressing ephrin-B1WT presynaptically was not inhibited by the
perfusion with sFRP2, which significantly reduced the RF shift
in the dorsal tectum. Thus, Wnt and ephrin-B signals appeared
to independently regulate RF plasticity of the dorsal and ventral
tectum, respectively (Figures 4C and 4D).
Perfusion of the tectum with the Wnt antagonist sFRP2 re-
sulted in a marked reduction of CS-induced RF shift in the dorsal
tectum (Figure 2B), suggesting that Wnt signaling may be
responsible for the higher RF plasticity in this area. To further
confirm this finding, we directly induced XWnt-3A expression
at stage 42 and monitored CS-induced RF shift at stage 44–45.
We found that postsynaptic overexpression of XWnt-3A in the
tectum increased the RF shift in all tectal areas, whereas presyn-
aptic induction of XWnt-3A in RGC axons had no effect
(Figure 4C). No CS-induced change in the RF size was observed
in all cases of XWnt-3A overexpression (Figure 4D). This is
consistent with the finding that postsynaptic secretion of Wnt
proteins promotes presynaptic maturation (Hall et al., 2000;
Lucas and Salinas, 1997). The elevated CS-induced RF shift in
transgenic tadpoles overexpressing XWnt-3A postsynaptically904 Neuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc.was inhibited specifically in ventral tectum by the perfusion
with ephrin-B1-Fc (Figures 4C and 4D). Thus, ephrin-B signaling
is selectively required for the upregulation of RF plasticity in the
ventral region, although overexpressing XWnt-3A can promote
plasticity in all regions.
Conditioning-Induced Changes in Spiking Ensemble
During the development of Xenopus retinotectal system,
dynamic changes of axonal and dendritic arbors are accompa-
nied by the formation and elimination of synapses (Alsina et al.,
2001). Such remodeling of synaptic connections may alter the
ensemble of neurons that fire spikes in response to a specific
visual stimulus. We compared the change in spiking activities
of tectal cell ensemble before and after moving-bar CS in various
tectal regions along the D-V axis. The tectal cell responses to the
moving bar (test) stimulus in two opposite directions (0.2 mm/s,
10 s intervals) were assayed with a pair of extracellular micro-
electrodes before and after CS (100 times, 0.2 mm/s, at
0.25 Hz). The multiunit activities recorded were analyzed by
a spike-sorting method (Quiroga et al., 2004) to yield spiking
activities of individual single units within the ensemble activated
by the test stimulus.
In the example recording from the ventral tectum shown in
Figure 5A (see also Figure S4A), multiunit activities were resolved
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Figure 5. Conditioning-Induced Changes in
the Spiking Ensemble
(A and B) Examples of 3D display of single unit
activities evoked by test moving-bar stimulus in
the ventral tectum, obtained by spike sorting ac-
cording to wavelet coefficients (see Experimental
Procedures) before (A) and after (B) moving-bar
CS. Each cluster represents spiking of an indi-
vidual neuron, averages over 100 test stimulus-
induced responses.
(C–E) Temporal distribution of total spike rates
from all sorted single units before and after CS,
for the recordings.
(F–H) Summary of CS-induced changes in the total
spike number in individual neurons that showed
the highest spike rate (H) or the lowest spike rate
(L) in different tectal regions before conditioning.
Graph bars represent means and SEM (*p < 0.05,
compared to corresponding values of the control
tadpoles; Mann-Whitney U test).
(I–K) Summary of CS-induced changes in the total
spike numbers in single units with different firing
rates before CS. Each point represents data from
one single unit. Note the trend of CS-induced
enhancement of strongly spiking neurons and
suppression of weakly spiking neurons.
See also Figure S3.
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Region-Specific Receptive Field Plasticityinto seven distinct spike clusters, reflecting spiking of seven
neurons. We found that CS resulted in substantial changes in
both the spiking of individual neurons and the number of spike
clusters (Figure 5B). The average total number of spikes evoked
by test stimulus of the conditioned direction (0) was greatly
elevated after CS in all tectal regions (Figures 5C–5E, summary
in Figure 6A). In contrast, no significant post-CS change in the
spiking rate was observed when we used test stimulus in the
opposite direction (180; Figures S3A to S3C, ‘‘control’’), indi-
cating direction-selective enhancement of the tectal cellNeuron 65, 899–91responses. There was substantial varia-
tion in the CS-induced changes in spiking.
However, neurons exhibiting the highest
spiking rate (‘‘H’’) prior to CS showed
increased spiking after CS, while the
opposite was true for neurons exhibiting
the lowest spiking rate (‘‘L,’’ Figures 5F–
5H). This differential modulation of spiking
was further shown by the CS-induced
change in the total spike number (induced
by the test stimulus) versus the average
spike rate of the neuron prior to CS
(Figures 5I to 5K). Thus, synaptic inputs
on neurons that received a high-level over-
all excitation became further strength-
ened, whereas those on neurons receiving
weaker excitation became weakened.
Furthermore, CS-induced changes in the
total spike number induced by the test
stimulus and the number of clusters
(distinct spiking neurons) observed bymultiunit recording in dorsal and ventral tectal neurons were
larger than those in central tectal neurons (Figure 6A, ‘‘control’’),
consistent with higher activity-dependent RF plasticity. Finally,
these CS-induced changes were absent when test stimulus of
the nonconditioned direction was used (180; data not shown).
Ephrin-B and Wnt Signaling Promotes CS-Induced
Changes in Spiking Ensemble
We then examined whether modulation of ephrin-B or Wnt
signaling can alter CS-induced direction-selective changes1, March 25, 2010 ª2010 Elsevier Inc. 905
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Figure 6. Effects of Ephrin-B and Wnt
Signaling in CS-Induced Changes in Spiking
Ensemble
(A) Effects of pre- and postsynaptic modulation of
ephrin-B signaling on CS-induced increase in the
total spike number obtained by multi-unit
recording (average over 100 test-stimulus-evoked
responses) in different tectal regions. The induc-
tion of presynaptic ephrin-B1DC expression signif-
icantly reduced the increase in the total spike
number in the ventral tectum, whereas the presyn-
aptic ephrin-B1WT expression had an opposite
effect in all tectal regions. The induction of post-
synaptic XWnt-3A elevated the increase in the total
spike number in all tectal regions (*p < 0.05,
compared to corresponding values of controls;
Mann-Whitney U test).
(B) Inhibition of presynaptic ephrin-B signaling
significantly reduced the CS-induced appearance
of new single units (dashed circles in Figures 5A
and 5B) in the ventral tectum, whereas elevating
presynaptic ephrin-B and postsynaptic Wnt
signaling increase the CS-induced appearance of
new single units in all tectal regions. Graph bars
represent means and SEM (*p < 0.05, compared
to corresponding values of the control tadpoles;
Mann-Whitney U test).
See also Figure S4.
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Region-Specific Receptive Field Plasticityof the spiking ensemble in the tectum. Transgenic tadpoles
with unilateral expression of the dominant-negative ephrin-
B1DC were prepared, and recording was made from tectal cells
in the tectum contra- or ipsilateral to the side expressing the
transgene in stage 45 tadpoles 1 day after the Dox treatment.
In tectal cells with presynaptic expression of ephrin-B1DC, the
CS-induced increases in the test stimulus-evoked total spike
number and the number of spiking neurons were significantly
reduced in the central and ventral regions, whereas those in
the dorsal region were not affected (Figures 6A and 6B), sug-
gesting that presynaptic ephrin-B signaling is involved in direc-
tion-selective changes in spiking responses of the central and
ventral (but not dorsal) tectal neurons. Consistently, increasing
presynaptic ephrin-B signaling by Dox-induced expression of
ephrin-B1WT in the presynaptic side led to a slight enhance-
ment of the CS effect in all tectal areas, with higher average
spiking rates and larger number of spiking neurons. These
effects were absent, however, when the same manipulations
of ephrin-B signaling were performed in tectal cells, as shown
by recording from ipsilateral tectal cells in the same set of
transgenic tadpoles (Figures 6A and 6B). Furthermore, perfu-
sion with ephrin-B1-Fc significantly inhibited direction-selec-
tive changes in spiking responses in the ventral but not in
central or dorsal tectum, whereas the perfusion with EphB2-
Fc slightly increased the CS-induced changes in spike
responses (Figures S4A and S4B). Thus, downstream signals
triggered by ephrin-B1 and Wnt act rather independently in
promoting CS-induced changes in the neuronal response
and the RF shift.906 Neuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc.Further studies showed that transgenic induction of postsyn-
aptic expression of XWnt-3A enhanced CS-induced increase in
the total spike number and number of spiking neurons in all tectal
areas, whereas presynaptic induction of XWnt-3A had no
significant effect, consistent with the finding that postsynaptic
secretion of Wnt promotes presynaptic maturation (Figures 6A
and 6B; Hall et al., 2000; Lucas and Salinas, 1997). In addition,
inhibition of Wnt signaling by 30 min preincubation with sFRP-2
significantly reduced CS-induced changes in both the total
spike number and the number of spiking neurons in the dorsal
tectum (Figures 6A and 6B). Thus, higher ephrin-B expression
in presynaptic RGC axons in the ventral tectum and higher Wnt
expression in the dorsal tectum underlie higher CS-induced
changes in spiking ensemble.
Ephrin-B and Wnt Signaling Modulates Developmental
Reduction in RF Size
To examine the role of ephrin-B and Wnt signaling in the progres-
sive reduction in the size of RFs of tectal cells during stage 43–49
of Xenopus development (Tao and Poo, 2005), we compared the
changes in the RF size between control tadpoles and transgenic
tadpoles expressing ephrin-B1DC, WT ephrin-B1, or XWnt-3A
(Figure 7A). We found that the RF size reduction in control
tadpoles occurred with similar rates in all tectal regions
(Figure 7B). However, in transgenic tadpoles expressing eph-
rin-B1DC on the side of tadpole contralateral to the recorded
tectum (Dox applied at stage 42), the RF size reduction was
similar to that of control tadpoles at stage 43–45 (1 day later)
in all tectal areas, but became significantly impeded at stage
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Figure 7. Effects of Ephrin-B Signaling on
Developmental Reduction of RF Size
(A) Examples of RFs measured from control
tadpoles and transgenic Xenopus tadpoles ex-
pressing ephrin-B1DC, ephrin-B1WT, or XWnt-3A,
either pre- or postsynaptically at two different
developmental stages (stage 43 and 48).
(B) Summary of changes in the average RF size at
different developmental stages. Percentage refers
to the RF area relative to the total area covered by
the test visual stimulus. The developmental reduc-
tion of the RF size was significantly impeded and
accelerated by the presynaptic expression of eph-
rin-B1DC and ephrin-B1WT, respectively. The post-
synaptic XWnt-3A expression significantly accel-
erated RF size reduction during development,
while presynaptic induction showed no significant
change. Graph bars represent means and SEM
(*p < 0.05, compared to corresponding values of
the control tadpoles; Mann-Whitney U test).
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Region-Specific Receptive Field Plasticity48–49 (3 days later) in the ventral/central but not the dorsal
region. In contrast, the reduction in RF size was significantly
increased only in the ventral region in tadpoles expressing eph-
rin-B1WT in presynaptic RGCs. Furthermore, measurements of
RFs of tectal cells on the ipsilateral side of transgene expression
showed that expressing ephrin-B1DC or ephrin-B1WT in the
tectum (postsynaptic site) had no effect on the RF size reduction
(Figure 7B). In contrast to ephrin-B1, induction of XWnt-3A
expression in the tectum by Dox at stage 42 facilitated the reduc-
tion of RF size in all tectal area when measured at either 1 or
3 days after induction, but contralateral (presynaptic) induction
of XWnt-3A had no effect on the RF reduction. Thus, develop-
mental refinement of tectal circuits underlying the RF size reduc-
tion in the ventral and central regions depends on presynaptic
ephrin-B signaling, and postsynaptic Wnt expression could
facilitate RF reduction in all tectal areas.
DISCUSSION
In the present study, we have examined molecular mechanisms
underlying differential RF plasticity in developing Xenopus optic
tectum by focusing on the signaling of ephrin-B and Wnt, which
are known to be expressed in a gradient along the D-V axis. We
first found that dorsal and ventral tectum exhibited higher
activity-dependent RF plasticity than the central tectum, as re-
flected by the magnitude of the RF shift following repetitive
moving-bar CS. Using acute molecular manipulations and induc-
ible-transgene expression of various forms of ephrin-B and Wnt
in Xenopus tadpoles, we showed that ephrin-B and Wnt signals
are responsible for the elevated CS-induced RF shift in the
ventral and dorsal tectum, respectively. These activity-inducedNeuron 65, 899–91changes are also reflected by CS-
induced direction-selective changes in
the spiking ensemble of tectal neurons.
In addition, ephrin-B and Wnt signaling
also contributes to the developmental
reduction of the RF size. Thus, the high-level expression of presynaptic ephrin-B and postsynaptic Wnt
contribute to the region-specific RF plasticity.
Region-Specific Plasticity in Optic Tectum
In Xenopus tadpoles, RGC axons begin to establish retinotopic
organization at the time of their entry into tectal area (Holt and
Harris, 1983). Because of the radial and linear pattern of retinal
and tectal growth, respectively, RGC axon terminals continu-
ously change their positions in the tectum throughout develop-
ment (Fraser, 1983; Gaze et al., 1979). The retinotopic RGC
projection along the A-P axis is mediated by a gradient of class
A ephrins/Ephs expressed in the tectum (Bonhoeffer and Huf,
1982; Cheng et al., 1995; Feldheim et al., 1998, 2000; Frise´n
et al., 1998), whereas the D-V projection is mediated by eph-
rin-B/EphB and Wnt, which form counteracting gradient along
the D-V axis (Hindges et al., 2002; Holash and Pasquale, 1995;
McLaughlin and O’Leary, 2005). As development proceeds,
more ventral and dorsal tectal cells receive projections from
newly generated dorsal and ventral RGCs, respectively, while
some of the existing retinotectal connections need to be modi-
fied. The higher RF plasticity at the ventral and dorsal tectum
shown here may reflect a higher plasticity of retinotectal
synapses in these regions than those ‘‘older’’ RGC projections
in the central tectum. This differential plasticity is also reflected
by the recruitment of new neurons into the ensemble of spiking
cells. Such recruitment is likely to result from activity-dependent
synaptic potentiation and stabilization of excitatory inputs to the
newly recruited neuron. In this developing tectum, maturation of
retinotectal synapses is associated with the increased ratio of
synaptic AMPA to NMDA receptors (Wu et al., 1996), similar to
that associated with activity-induced LTP. Synapses established1, March 25, 2010 ª2010 Elsevier Inc. 907
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Region-Specific Receptive Field Plasticityby the newly arriving RGCs at the dorsal and ventral tectum
(Sakaguchi and Murphey, 1985) are likely to be more susceptible
to activity-induced LTP and LTD, which may underlie the higher
CS-induced RF modifications.
Presynaptic Ephrin-B Signaling and Postsynaptic
Wnt Secretion
In developing Xenopus tadpoles, a gradient of ephrin-B expres-
sion was found in the retina—high in the dorsal and low in the
ventral retina (Figure 2B; Mann et al., 2002). Ephrin-B signaling
in the RGC axons is not only important for axon guidance in
the tectum, but also for promoting maturation of retinotectal
synapses after the initial connections are made, by enhancing
presynaptic transmitter release and activity-induced synaptic
potentiation (Lim et al., 2008). Since RGCs from the dorsal retina
project their axons to the ventral tectum, the higher RF plasticity
in ventral tectum could be attributed to the higher level of presyn-
aptic ephrin-Bs. This is supported by our finding on the effect of
perturbing ephrin-B signaling. On the other hand, an opposite
gradient of Wnt signaling may explain the higher plasticity in
the dorsal than the central tectum. The level of Wnt expression
is high in the dorsal tectum in chick, mouse, and Xenopus
tadpole (Schmitt et al., 2006), and Wnt signaling is known to
act in a retrograde manner to promote presynaptic maturation
of excitatory synapses (Hall et al., 2000; Lucas and Salinas,
1997). Indeed, our results further showed that inhibition of Wnt
signaling by preincubation with sFRP2 selectively diminished
the CS-induced RF shift in the dorsal tectum. Recent studies
have shown that the canonical and noncanonical Wnt signaling
promotes and inhibits synapse formation, respectively (Davis
et al., 2008; Miech et al., 2008) and we have confirmed here
that the XWnt-3A is highly expressed in the Xenopus dorsal
tectum during development. Our finding that elevating XWnt-
3A expression in the tectum resulted in increased CS-induced
RF shifts in all tectal regions suggests that receptors for
canonical Wnt signaling, e.g., Frizzled receptors, may be
ubiquitously expressed in all RGCs, consistent with previous
reports (Davis et al., 2008). Taken together, the higher RF plas-
ticity in dorsal tectum could be attributed to higher Wnt expres-
sion in the dorsal tectum. We note that although ephrin-B and
Wnt signals appeared to act independently to regulate RF
plasticity in two different tectal regions, we cannot exclude the
possibility that interaction between these two signaling path-
ways occur for other processes during the development of the
retinotectal system.
Direction-Selective Responses and RF Refinement
by Ephrin-B and Wnt Signaling
Previous studies have shown that spike timing-dependent LTP
and LTD of retinotectal synapses contribute to the induction of
direction-selective tectal cell responses by the moving-bar CS
(Engert et al., 2002; Mu and Poo, 2006; Vislay-Meltzer et al.,
2006). Here, we further characterized CS-induced changes in
the ensemble of spiking neurons. We found that CS resulted in
a spike rate increase in neurons that exhibited relatively high
spike rates before CS, but a spike rate reduction in those with
lower spike rates before CS. These changes suggest that
neurons with higher (or lower) spike rates underwent further908 Neuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc.potentiation (or depression) of their excitatory inputs, presum-
ably through LTP (or LTD)-like mechanisms. The average spike
rate of all spiking neurons, on the other hand, showed net
increases for the responses elicited by the test stimulus of the
CS direction (0), but not in the opposite direction (180). In
dorsal and ventral (but not central) tectum, we found that new
neurons were recruited into the spiking ensemble after CS, sug-
gesting strengthening (or ‘‘unsilencing’’) of pre-existing synaptic
connections or establishment of new synapses.
Our acute disruption and transgenic manipulation experi-
ments showed that presynaptic ephrin-B signaling is selectively
involved in the above CS-induced changes in spiking ensemble
in the ventral tectum—reduction of presynaptic ephrin-B
signaling (by expressing ephrin-B1DC) largely eliminated CS-
induced changes, whereas increasing presynaptic ephrin-B
signaling (by expressing ephrin-B1WT) enhanced CS-induced
changes in all three tectal regions. The general elevation of
CS-induced effects in all regions by ephrin-B1WT expression is
consistent with the idea that elevating presynaptic ephrin-B
signaling is sufficient to promote synaptic plasticity (Lim et al.,
2008). On the other hand, acute inhibition of endogenous Wnt
signaling with sFRP-2 perfusion selectively reduced the CS-
induced RF shift and changes in spiking ensemble in the dorsal
tectum, suggesting a regulatory role of endogenously secreted
Wnt in this region. The induced overexpression of postsynaptic
XWnt-3A showed enhanced CS-induced changes and facilitated
RF size reduction in all tectal areas, whereas induced overex-
pression of presynaptic XWnt-3A had no effect. These results
could be attributed to a general upregulation of synaptic plas-
ticity caused by postsynaptic Wnt secretion and its retrograde
action on all RGC axons.
Axon Guidance versus Synaptic Modification
Due to continuing growth of retina and optic tectum throughout
the Xenopus development, projection of newly developed RGC
axons into the optic tectum occurs throughout stages 42–48,
the duration examined in the present study. This raises the issue
as to how much of the observed effects on RF plasticity and
refinement caused by perturbating ephrin-B and Wnt signaling
was due to the effect on axon guidance rather than synaptic
modulation. Two lines of evidence suggest that synaptic modu-
lation plays the major role. First, the higher RF shift induced by
the moving-bar conditioning in the ventral and dorsal tectum
were abolished within 30 min after acute perfusion with ephrin-
B1-Fc and sFRP-2 (Figure 2B), respectively. Such rapid modula-
tion of RF plasticity suggests that perturbation of long-range
axon guidance is unlikely to be involved. Second, we have further
examined whether alteration of ephrin-B signaling affects RGC
projections in the optic tectum at stage 42–48. By injecting fluo-
rescent Alex 568-dextran into the dorsal or ventral region of the
retina and tracing RGC axon projections in the optic tectum 24 hr
later, we showed that down- or upregulation of ephrin-B1
signaling or upregulation of XWnt-3A signaling did not cause
gross alteration in the RGC projections in the optic tectum
(Figure S2). However, our previous in vivo time-lapse imaging
studies have revealed the effect of ephrin-B1 signaling on the
dynamics of fine axonal arbors (Lim et al., 2008). At this level,
changes in the arbor dynamics (branch stabilization/elimination)
Neuron
Region-Specific Receptive Field Plasticityare likely to be tightly linked to synaptic plasticity (LTP/LTD). The
RF plasticity reported here may involve functional synaptic modi-
fications as well as local structural remodeling of connections
(‘‘rewiring’’). Indeed, local ephrin-B signaling-dependent struc-
tural remodeling of synaptic connections could be defined as
a form of ‘‘local axon guidance,’’ using cellular mechanisms in
common with long-range axon guidance.
Inducible transgenic expression method developed in the
present study are particularly useful for further dissecting selec-
tively pre- and postsynaptic mechanisms involved in the RF
refinement during the late stages of circuit development, free
from early developmental effects introduced by other methods.
With a combination of acute manipulation and inducible trans-
genic expression, we have addressed the functional role of
highly expressed ephrin-B and Wnt in promoting synapse matu-
ration and remodeling in the ventral and dorsal tectum, respec-
tively. Our results also underscore the multifunctional roles of
‘‘axon guidance’’ or ‘‘morphogenetic’’ factors at different stages
of neural development—axon guidance prior to synaptic forma-
tion, synaptic maturation and refinement during neural circuit
development, and synaptic plasticity in the mature brain. To
what extent cytoplasmic signaling mechanisms underlying their
actions are conserved at different developmental stages remains
to be clarified.EXPERIMENTAL PROCEDURES
Tadpole Preparation and Electrophysiology
Xenopus laevis staged 43–49 were anesthetized with HEPES-buffered external
solution containing 0.02% MS222 (Sigma). The external solution contains
(in mM): NaCl, 135; KCl, 3; HEPES, 10; CaCl2, 3; MgCl2, 1.5; glucose, 10
(pH 7.4). The preparation of tadpole and recording methods were described
by Tao and Poo (2005). For light stimulation, the lens of the eye contralateral
to the recorded tectum was removed. The retina was flattened and stabilized
with a glass coverslip. A small LCD screen (V2500e 2.50 TFT LCD monitor, Ikan
Corporation, Houston, TX) was mounted on the camera port of the microscope
to allow projection of visual images, which were generated by MATLAB and
Psychtoolbox-based custom software. The diameter of the retina was in the
range of 250300 mm. For receptive field mapping, the entire field for image
projection (200 3 200 mm) was divided into a 9 3 9 grid of 81 square units
(grid size 22 mm), and white squares on black background were flashed on
for 1.5 s in a random sequence at 5 s intervals and RFs were mapped for three
repetitions. ‘‘ON’’ responses were analyzed for the first 800 ms after stimulus
onset. The RF map was constructed using the average number of spikes
evoked by each unit stimulus. For display, RFs were presented with a gray
scale, with the brightness of the grid represents the average number of spikes
evoked by that grid unit, normalized to the largest unit response during
mapping. The moving-bar stimulus consisted of a white bar (20 mm in width
at the retina) swept across the screen at a speed of 0.3 mm ms1. The
moving-bar conditioning stimulation (CS) consisted of 100 sweeps (at 0.25 Hz)
of the moving bar in the same nasal-to-temporal direction. To assay
CS-induced changes in RFs, responses of the tectal cell to the same
moving-bar stimulus before and after CS were measured at a 10 s interval.
The size of RF was determined by curve fitting the 2D spiking profiles (9 3 9)
with 2D Gaussian function. The RF shift was calculated by measuring the
distance between the center locations before and after CS.
Spike sorting was done with the unsupervised spike detection and sorting
methods described by Quiroga et al. (2004). We modified MATLAB-based
‘‘Wave_clus’’ program to analyze spiking properties. Briefly, we detected
spikes with an amplitude threshold on the high-pass filtered data (5 kHz),
and calculated their wavelet coefficients, which characterize the spikes
shapes at different scales and times. Three coefficients that best separateddifferent spikes were selected automatically and used as an input for the clus-
tering, using superparamagnetic clustering (SPC) method.
Tetracyclin-Inducible Transgenic Tadpoles
As a method for generating effective global transfection of RGCs and tectal
cells, we used the tetracycline-inducible transgenic expression method, which
was successfully developed for Xenopus laevis by Das and Brown (2004). We
generated transgenic tadpoles by the method originally developed in the
killifish medaka (Oryzias latipes; Thermes et al., 2002) and adapted to Xenopus
tropicalis (Ogino et al., 2006) and Xenopus laevis (Pan et al., 2006b). This
method uses I-SceI, a commercially available megaendonuclease (New
England Biolabs, Ipswich, MA) and a construct that has a transgene flanked
by 18-base pair recognition site. The construct was first digested with I-SceI
and the resulting reaction mixture was directly introduced into fertilized
Xenopus embryos by microinjection. In Xenopus laevis, approximately 20%
of the injected embryos express transgenes in a nonmosaic manner (Pan
et al., 2006b). For generating inducible-transgenenic tadpoles, we generated
two types of plasmids with I-SceI sites (Figure 3A)—one plasmid expressing
Tet-binding activator (tTA), the other bidirectional ‘‘response’’ plasmid
encodes the targeted gene and EGFP under the control of Bi-TRE-Tight
promoter (Gossen and Bujard, 1992; Clontech). After in vitro fertilization, we
coinjected these plasmids together with I-SceI enzyme into one blastomere
of 2–4 cell stage Xenopus embryos, then induced transgene expression by
adding 10 mg/ml Dox to the rearing solution at stage 42 (1 week postfertiliza-
tion). The EGFP expression could be detected within 8 hr unilaterally on one
side of the tadpole. Three sets of transgenic tadpoles were prepared with three
different response plasmid encoding EGFP only, ephrin-B1 and EGFP, or eph-
rin-B1-6C and EGFP, under the control of TRE promotor. The expression of
these transgenes in the three sets of tadpoles which showed EGFP signals
following Dox incubation (at stage 42) were confirmed by western blot anal-
ysis. We note that only approximately 3%–5% of injected embryos showed
Dox-induced expression of transgenes. This low percentage of inducible
transgene expression is expected because of the low probability of genomic
incorporation of both tTA-expressing and response plasmids.
In Situ Hybridization and Visualization of Ephrin-Bs and EphBs
by Fusion Protein
In situ hybridization was performed using a digoxigenin-labeled RNA probe
with some modifications of methods described previously (Harland, 1991).
Antisense probes (1.87 kb length) against XWnt-3A were obtained by T7
in vitro transcription (MEGAscript kit, Ambion) using linearized plasmid as
previously described (Wolda et al., 1993). Brains were fixed in MEMFA
(0.1 M MOPS [pH 7.4], 2 mM EGTA, 1 mM MgSO4, 4% formaldehyde in
PBS [pH 7.4]) for 1 hr, then permeabilized by a 5 min incubation with
50 mg/ml proteinase K (GIBCO); Hybridization was carried out overnight at
68C in a 1:1 mixture of deionized formamide and 53 SSC, 0.2 mg/ml tRNA,
0.1 mg/ml heparin, 13 Denhardt’s solution, 0.1% Tween 20 and 0.1% Chaps.
Brains were washed with prewarmed HYB:2XSSC/0.1% Tween 20 (1:1), and
then 2XSSC/ 0.1% Tween 20, followed by successive 20 min washes with
23, 0.23, and 0.13 SSC/0.1% Tween 20 at 68C. Brains were incubated in
blocking solution (0.1% PBTw, 2% sheep serum [Sigma, St. Louis, MO],
2 mg/ml bovine serum albumin) for 2 hr at room temperature and further incu-
bated in blocking solution containing peroxidase-conjugated anti-digoxigenin
(1:1000, Roche) at 4C overnight. For fluorescent in situ hybridization (FISH),
we used the NEN Tyramide Signal Amplification (TSA) Plus kit (Perkin Elmer,
Wellesley, MA). Subsequent washes (3 3 20 min) in TNT (0.1 M Tris-HCl
[pH 7.5], 0.15 M NaCl, 0.1% Tween 20), at room temperature followed by
a single 13 30 min rinse in NEN TSA Plus amplification dilution. The color reac-
tion was initiated by adding a 1:50 dilution of reconstituted cyanine 3 in NEN
Plus amplification diluents during 5–10 min.
To verify the pattern of ephrin-Bs and EphBs expression in the retina and
optic tectum, we dissected eyes and brains from stage 45 Xenopus tadpoles.
Extracelluar domain-conjugated fusion proteins (ephrin-B1-Fc or EphB2-Fc)
were used to detect ephrin-Bs and EphBs by a previously described method
(Scalia and Feldheim, 2005), with some modifications. The dissected eyes
and brains were washed with BSA (0.5 mg/ml) containing HEPES buffer
(10 mM), and incubated in a solution containing the fusion proteinNeuron 65, 899–911, March 25, 2010 ª2010 Elsevier Inc. 909
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Region-Specific Receptive Field Plasticity(ephrin-B1-Fc or EphB2-Fc, at 5 mg/ml). After washing with BSA-containing
HEPES buffer, eyes and brains were briefly fixed in 4% PFA (1–2 hr). Samples
were then incubated in blocking solution (0.1% PBTw, 2% sheep serum
[Sigma, St. Louis, MO], 2 mg/ml bovine serum albumin) for 2 hr at the room
temperature and further incubated in blocking solution containing peroxi-
dase-conjugated anti-digoxigenin (1:1000, Roche) at 4C overnight for visual-
ization with TSA method as described above. Stained brains were dehydrated
in ethanol and propylene oxide, followed by infiltration with plastic embedding
medium (Poly/Bed 812; Polysciences). Specimens were embedded in
POLYBed 812 plastic (Polysciences) and handcut by razor blade into
0.1 mm sections. Specimens were imaged with a stereostatic microscope.
Immunoprecipitation, Biotinylation, and Western Blotting
To examine the glycosylation of endogenous and induced XWnt-3A, we used
protein precipitation procedures in conjugation with western blotting to detect
the protein levels with ECL chemiluminescent (GE healthcare) detection proce-
dure. The brains of control and transgenic tadpoles were dissected out manu-
ally under the microscope and were lysed in ice-cold (4C) lysis buffer (50 mM
Tris-HCl, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate [pH 7.5])
with protease inhibitor cocktail (Roche Applied Science, Mannheim,
Germany). The lysate (0.5 mg) was incubated with Endoglycosidase H (Endo
H; New England Biolab, MA) for 8 hr at 37C. XWnt-3A was immunoprecipi-
tated from brain lysate using rabbit polyclonal Wnt-3a antibody (Abcam,
Cambridge, MA) and protein-G agarose (Roche Applied Science, Mannheim,
Germany), the precipitated protein complexes were washed in cold lysis buffer
containing 500 mM NaCl. XWnt-3A and antibody complexes were dissociated
by heating for 5 min in Laemmli sample buffer (Bio-Rad, Hercules, CA) before
loading onto 10% SDS polyacrylamide gels. After transfer to nitrocellulose
filters, the filters were blocked with 5% skim milk in 0.1 M PBS and then incu-
bated overnight at 4C with the Wnt-3a antibody. The filters were developed
using ECL chemiluminescence reagents (GE healthcare) with secondary
antibodies tagged with HRP (Horse radish peroxidase).
To measure the surface level of ephrin-B1 in transgenic tadpoles, the
dissected brains were incubated with 1 mg/ml sulfo-NHS-S-S-biotin (Pierce)
for 30 min at 4C, and lysed in ice-cold non-Tris containing lysis buffer. The
cell lysates were mixed with immobilized neutravidin beads (Pierce) and
rotated overnight at 4C. The beads were washed five times with PBS and
then eluted with SDS-PAGE sample buffer by boiling for 15 min. Both total
and biotinylated proteins were resolved by SDS-PAGE, transferred to nitrocel-
lulose membranes, and probed with antibody against ephrin-B1. The HRP-
tagged secondary antibody was used to visualize the specific signals by
chemifluorescence substrate.
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